Background: Obesity, particularly visceral and ectopic adiposity, increases the risk of type 2 diabetes.
Introduction
Obesity, particularly intra-abdominal and ectopic adiposity, is associated with insulin resistance. Insulin resistance, in combination with b cell dysfunction, contributes to the development of type 2 diabetes (T2D) 4 (1) . To address the current worldwide increase in T2D prevalence, feasible nonpharmacologic approaches are needed for preventing and reversing obesity and obesity-related metabolic dysfunction.
The consumption of large amounts of processed carbohydratecontaining foods may be one of the major factors leading to both obesity and metabolic dysfunction. The consumption of processed carbohydrates leads to elevated insulin secretion, which, in turn, promotes glucose oxidation, impairs fat oxidation, facilitates de novo lipogenesis, and promotes storage of fat (2) , while at the same time leading to insulin resistance, inflammation (3) , and oxidative stress (4) . The combination of insulin resistance and hyperinsulinemia also disrupts lipid metabolism and increases the risk of cardiovascular disease, the most common source of mortality among individuals with T2D (5) .
In contrast, when dietary carbohydrate is restricted and insulin declines, metabolic processes shift to favor fat oxidation over lipid storage. As a result, the lipid profile improves, and lipotoxic processes that impair b cell function and insulin action resolve. A number of studies documented the benefits of lower-carbohydrate diets on measures of metabolic health and medication use in patients with T2D (6) (7) (8) (9) (10) (11) and for weight loss and improved metabolic health in healthy individuals (12) . Despite these well-documented benefits, carbohydrate restriction or reduction is not currently recommended for prevention or treatment of diabetes by the major organizations and institutions to which physicians turn for guidance (13, 14) .
The impact of dietary carbohydrate on metabolism may differ with individual phenotype. We and others have reported that the degree of insulin sensitivity and the amount of insulin secreted after a glucose challenge affect the extent to which dietary carbohydrate quantity and quality affect the change in body weight and body composition over 12-18 mo (15-18) . Individuals who are more sensitive to insulin, or who secrete a greater amount of insulin in response to a glucose challenge, appear to be more sensitive to the stimulatory effects of dietary carbohydrate on fat deposition. These observations may be particularly relevant to ethnic minorities. African Americans (AAs), Mexican Americans, and Native Americans secrete a greater amount of insulin than do European Americans (EAs) for a given amount of exposure to oral or intravenous glucose (19) (20) (21) . All of these minority groups are at greater risk of both obesity and T2D compared with EAs. Thus, although it is possible that diet modification could play a particularly relevant role in improving metabolic health in ethnic minorities, this hypothesis has not been tested.
This article discusses the results of 2 recent studies comparing carbohydrate-restricted diets with lower-fat diets in 2 populations at elevated risk of T2D. In both studies, the 2 experimental diets were matched for protein content to avoid potential confounding effects of altered protein intake on body composition or metabolic outcomes. The first study, conducted in nondiabetic but overweight or obese AA and EA adults, examined body composition and body fat distribution during conditions of both weight maintenance and weight loss. The second study, conducted in women with polycystic ovary syndrome (PCOS), examined these outcomes as well as outcomes related to metabolic health (insulin sensitivity and b cell function) during weight maintenance. Women with PCOS are characterized by insulin resistance, hyperinsulinism, and perhaps visceral adiposity (22) (23) (24) and are therefore at increased risk of T2D.
Methods
Overweight/obese adults. Sixty-nine men and women aged 21-50 y were enrolled in the study. Details of the study were published previously (25) (26) (27) . Briefly, inclusion criteria were BMI (in kg/m 2 ) of 25-45, weight <136 kg, age 21-50 y, nondiabetic, and no weight change of >2.3 kg over the past 6 mo. Approximately 50% of participants were AAs and ;50% were EAs, by design, to examine potential differences in the response to diet on the basis of ethnicity. Glucose tolerance was evaluated at screening by using a 2-h oral-glucose-tolerance test, and only those who had 2-h glucose in the normal or mildly impaired range (#155 mg/dL) were eligible for the study. Twenty-seven participants had impaired fasting glucose ($100 mg/dL). Participants were informed of the experimental design, and oral and written consent was obtained. The study was approved by the Institutional Review Board for Human Use at the University of Alabama at Birmingham.
Baseline testing included body composition by DXA, body fat distribution by computed tomography (CT) scan, and the acute insulin response to glucose (AIRg). AIRg is the incremental AUC for insulin during the first 10 min after intravenous glucose injection at a dose of 300 mg/kg. After completing baseline testing, participants were assigned to 1 of 2 diets that differed in percentage of energy from carbohydrate (55% or 43%) and fat (27% or 39%), with both having 18% protein, and were provided with all food at a eucaloric level for an 8-wk period. At week 4, participants were administered a breakfast meal test (28) . For this test, blood was collected before and for 4 h during and after consumption of a breakfast meal that was part of their assigned diet. Serum concentrations of insulin and glucose were assessed at several time points. After completion of the 8-wk eucaloric period, participants entered a second 8-wk intervention period in which energy intake was decreased by 1000 kcal/d. Body composition and fat distribution were assessed at the end of both eucaloric and hypocaloric phases. Data were analyzed within all participants combined, and within each ethnic group.
Original to this report, circulating markers of inflammation were assessed by immunoassay in fasted morning sera before and after the intervention. High-sensitivity C-reactive protein (CRP) was assessed by turbidometric methods by using a SIRRUS analyzer (Stanbio Laboratory), with reagents obtained from Pointe Scientific, and TNF-a and IL-6 by using electrochemiluminscence (Meso Scale Discovery). Minimum detectable concentrations for each assay were 0.05 mg/L, 0.507 pg/mL, and 0.25 pg/mL, respectively. Mean intra-assay CVs were 7.49%, 7.61%, and 6.68%, respectively. Mean interassay CVs were 2.13%, 5.47%, and 9.72%, respectively. Data were analyzed by paired t test and by ANCOVA for the main outcome of 8-wk concentration, with baseline concentration as a covariate. In addition, to determine if changes in intra-abdominal adipose tissue (IAAT) were associated with changes in markers of inflammation, multiple linear regression analysis was conducted within each diet group to adjust for the change in total body fat mass. All analyses were conducted with the use of SAS software (version 9.3; SAS Institute); the a level was set at 0.05.
Original to this report, data were analyzed within each ethnic group. Because AAs relative to EAs have a greater insulin response to glucose, it was of interest to determine if the response to dietary carbohydrate content differed in AAs vs. EAs. For these analyses, data from the entire 16-wk intervention were combined. Preliminary analyses indicated that because some participants lost weight and fat during the eucaloric phase, the body composition response to the entire 16-wk intervention gave the clearest picture of how the change in diet macronutrient composition affected body composition. Thus, the change in body fat mass (kg) was assessed by using ANCOVA, with fat mass at 16 wk as the dependent variable, ethnicity as the class variable, and baseline fat mass and insulin sensitivity as covariates. Insulin sensitivity was selected as a covariate because it interacts with diet composition in determining changes in body composition over time (15, 16) . The least squares means procedure was used to generate adjusted means and SEMs for graphical presentation. All analyses were conducted by using SAS software (version 9.3); the a level was set at 0.05. Descriptive statistics are presented as means 6 SDs; main outcome data are presented as means 6 SEMs.
Women with PCOS. Details of the study were published previously (29) . Briefly, 30 women with PCOS were enrolled in the study. Participants were informed of the experimental design, and oral and written consent was obtained. The study was approved by the Institutional Review Board for Human Use at the University of Alabama at Birmingham.
The study was conducted by using a crossover design. Comprehensive metabolic testing was conducted before and after each 8-wk arm, with a 4-wk washout period between arms. After completing baseline testing, participants were assigned, by using a randomization scheme, to 1 of 2 diets: a lower-fat diet with a macronutrient composition of 55% carbohydrate, 18% protein, and 27% fat (% of energy from each) or a lower-carbohydrate diet with a macronutrient composition of 41% carbohydrate, 19% protein, and 40% fat. All food was provided for the duration of each arm.
Dynamic b cell response to glucose [dynamic phase serum insulin response to glucose (PhiD)] was determined before and after each diet arm by using glucose and C-peptide data obtained during a liquid meal tolerance test (30) . Insulin sensitivity was calculated by using a formula based on insulin and glucose values throughout the meal test (31) . Original to this report, circulating markers of inflammation were assessed by immunoassay as described in the previous section, Overweight/obese adults. Body composition by DXA and body fat distribution by CT scan were determined before and after each arm. Cross-sectional areas of IAAT and intermuscular adipose tissue (IMAT) were quantified from CT scans by using SliceOmatic software (TomoVision).
Main outcomes were fasting glucose, fasting insulin, insulin sensitivity, b cell responsiveness, body composition, and body fat distribution. Secondary outcomes were circulating markers of inflammation. Data were analyzed by paired t test for changes within each treatment arm and by ANCOVA for differences between diet arms (a = 0.05). Descriptive statistics are presented are means 6 SDs; main and secondary outcome data are presented as means 6 SEMs. To determine if changes in IAAT were independently associated with changes in markers of inflammation, multiple linear regression analysis was conducted within each diet group for the dependent variable ''change in CRP/TNF-a/IL-6,'' with changes in IAAT and total body fat mass as independent variables.
Results
Overweight/obese adults. Descriptive characteristics of the study population, by ethnicity, are shown in Table 1 . AA and EA participants did not differ with respect to age, BMI, or fat mass. However, AAs had 40% greater AIRg (P < 0.01).
As previously reported (27) , in the eucaloric phase, loss of IAAT was significantly greater (P < 0.05; Figure 1A ) in participants who consumed the lower-carbohydrate diet (11%) than in those who consumed the lower-fat diet. Furthermore, when comparing the 2 diet groups at the end of the eucaloric phase, participants who consumed the lower-carbohydrate diet had 11% less intraabdominal fat (IAAT) than did those who consumed the lowerfat diet (P < 0.05, adjusted for total fat mass and baseline IAAT). In the hypocaloric phase, total fat mass loss was greater in participants who consumed the lower-carbohydrate (4.4%) diet vs. those who consumed the lower-fat diet (P < 0.05; Figure 1B ). Original to this report, markers of inflammation did not change in response to either of the diets (P > 0.05) when data were analyzed by paired t test or ANCOVA ( Table 2) . Furthermore, changes in markers of inflammation were not associated with the change in IAAT. Original to this report, over the course of the entire study, loss of total body fat was greater in AAs, but not EAs, in individuals receiving the lower-carbohydrate diet (Figure 2) .
Results from the breakfast meal test at 4 wk indicated that the insulin response to the 2 diets differed, with peak insulin concentration (P < 0.05) and incremental insulin AUC (P < 0.01) being significantly lower after the lower-carbohydrate breakfast meal ( Figure 3) (28) . AUC glucose did not differ between the 2 meals; however, serum glucose concentration was lower at 3 and 4 h during the lower-fat meal (P < 0.05). 
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Women with PCOS. Participant characteristics at baseline are shown in Table 3 . As reported previously (29), a paired t test indicated that the lower-carbohydrate diet resulted in significant decreases in fasting insulin (P < 0.001) and fasting glucose (P < 0.01) and significant increases in insulin sensitivity (P < 0.05) and PhiD (P < 0.001) (Figure 4) . No changes in these outcomes were observed while consuming the lower-fat diet. Original to this report, markers of inflammation did not change in response to either of the diets (Table 2 ). However, after the lowercarbohydrate arm, the change in IAAT was associated with the change in TNF-a (standardized coefficient = 0.45, P = 0.04) independent of the change in total body fat mass. As previously reported (32) , while in the lower-carbohydrate arm, women lost both IAAT (P < 0.01) and IMAT (P < 0.01). In contrast, while in the lower-fat arm, women lost lean mass (P < 0.05) ( Figure 5) . No changes in IAAT or IMAT were observed during the lower-fat arm, and no change in lean mass was observed over the course of the lower-carbohydrate arm. Although loss of total fat mass was significant with both diets, it was greater with the lower-carbohydrate diet (P < 0.05; adjusted for baseline total fat mass and change in lean mass).
Discussion
Among nondiabetic, overweight/obese adults, we found that the consumption of a lower-carbohydrate vs. a lower-fat diet resulted in selective depletion of IAAT during weight-maintenance conditions and enhanced depletion of total body fat under weight-loss conditions. Insulin response to a breakfast ''test'' meal was lower with the lower-carbohydrate diet (when compared with the lowerfat diet). These observations suggest that carbohydrate restriction reduces insulin secretion, which may facilitate fat mobilization (33) , particularly from the intra-abdominal area, a depot associated with metabolic dysfunction that is enlarged in individuals with T2D (34, 35) .
Although IAAT is considered a proinflammatory adipose depot, we did not observe changes in markers of inflammation over the course of the intervention, regardless of diet assignment. Nor did we observe a correlation between changes in IAAT and changes in markers of inflammation. In a previous study that involved weight loss with the use of a hypocaloric prescription, we observed decreases in all markers of inflammation assessed, with the decrease in TNF-a best explained by the decrease in IAAT (36) . Furthermore, on a cross-sectional basis, TNF-a was associated with IAAT but not with total fat mass or any other individual fat depot (37) . On the basis of the observation that dietary carbohydrates have proinflammatory effects (3, 38) , we anticipated that the lower-carbohydrate diet would reduce inflammation either directly or via depletion of IAAT. It is possible that our lower-carbohydrate prescription (43% carbohydrate) was not sufficiently low to reduce inflammation or that the greater amount of saturated fat (12-13%) in this diet FIGURE 2 Loss of total body fat over 16 wk (8 wk eucaloric followed by 8 wk 1000-kcal/d energy deficit) in overweight/obese AA and EA adults consuming a lower-CHO or lower-fat diet. Values are means 6 SEMs. EA lower-fat diet arm, n = 14; AA lower-fat arm, n = 14; EA lower-CHO arm, n = 18, AA lower-CHO arm, n = 13. Different lowercase letters indicate significant differences between groups. Within AAs, those who consumed the lower-CHO diet lost more fat than did those consuming the lower-fat diet (P , 0.05). Within the lower-fat diet groups, the difference between ethnic groups in fat loss was significant at P = 0.05. AA, African-American; CHO, carbohydrate; EA, European-American. 180S Supplement negated any potentially beneficial effect of carbohydrate reduction. It will be important in future studies to identify the aspects of diet composition that minimize inflammation. We also observed that the loss of body fat with carbohydrate (vs. fat) restriction was greater among AA individuals, a group characterized by a strikingly high AIRg. We previously observed that insulin-sensitive AA women who consumed a diet relatively high in glycemic load showed greater gain in body fat under freeliving conditions (16) . This phenotype-by-diet interaction was not observed in EA women. It is tempting to speculate that the greater insulin responsiveness of AAs contributes to their sensitivity to diet composition. Specifically, that dietary carbohydrate, by altering insulin secretion, affects insulin-stimulated deposition of lipid in adipose tissue. Prospective studies are needed to examine the interactive effects of insulin sensitivity, insulin secretion, and diet composition on change in body composition in AAs and EAs. It is possible that diets individually tailored to specific phenotypes would result in greater success with both weight loss and weight-loss maintenance, particularly for ethnic minorities who are at elevated risk of both obesity and T2D.
In women with PCOS, a lower-carbohydrate diet intervention resulted in decreases in fasting glucose and fasting insulin and a concomitant improvement in insulin sensitivity. We also observed an increase in first-phase b cell response (PhiD). A low or inadequate first-phase b cell response is one of the first signs of impaired b cell function (39) and appears to occur due to glucose toxicity (40) (41) (42) (43) . In the current study, the reduction in fasting glucose observed with the lower-carbohydrate diet may have permitted the increase in PhiD. FIGURE 4 Changes in fasting serum glucose (A), fasting serum insulin (B), PhiD (C), and insulin sensitivity (D) from baseline to week 8 in women with polycystic ovary syndrome who consumed lower-CHO and lower-fat diets. Values are means 6 SEMs. Lower-fat diet, n = 23; lower-CHO diet, n = 27. Different from baseline: *P , 0.05, **P , 0.01, ***P , 0.001. Adapted from reference 29 with permission. CHO, carbohydrate; PhiD, dynamic phase serum insulin response to glucose.
FIGURE 5
Changes in IAAT (A), IMAT (B), total body lean mass (C), and total body fat mass (D) from baseline to week 8 in women with polycystic ovary syndrome who consumed lower-CHO and lower-fat diets. Values are means 6 SEMs. Lower-fat diet, n = 23; lower-CHO diet, n = 27. Different from baseline: *P , 0.05, **P , 0.01, ***P , 0.001. Adapted from reference 32 with permission. CHO, carbohydrate; IAAT, intra-abdominal adipose tissue; IMAT, intermuscular adipose tissue.
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PCOS is one of the most common endocrine disorders in premenopausal women (44) . Although its etiology is not entirely clear, it is thought that a genetic predisposition to insulin resistance of skeletal muscle leads to an elevation in insulin secretion that stimulates testosterone production from the ovaries, which remain sensitive to insulin action. Infertility, hirsutism, and obesity are characteristics of the disorder. In addition, women with PCOS are at elevated risk of developing both T2D and cardiovascular disease, presumably due to their insulin resistance and hyperinsulinism. Although treatment with oral contraceptives and other drugs that alter the reproductiveendocrine axis can alleviate symptoms, there is a need for nonpharmacologic treatment options. That diet modification through carbohydrate restriction could alleviate symptoms by lowering insulin secretion is a possibility worth pursuing.
Women with PCOS also showed favorable changes in body composition (lower fat mass and preservation of lean mass) and fat distribution (lower IAAT and IMAT) with the lowercarbohydrate diet. These changes would be expected to improve metabolic health. The role of IMAT in the etiology of chronic metabolic disease has not been widely investigated. However, greater IMAT was observed in men with T2D and has been associated with greater prevalence of hyperglycemia (45) . Furthermore, greater IMAT has been associated with elevation in markers of inflammation (46) . These observations suggest that fatty infiltration of skeletal muscle is either a contributor to, or a marker of, impaired metabolic health.
Overweight women with PCOS have been characterized by elevated markers of inflammation relative to weight-matched healthy controls (47) (48) (49) . Markers of inflammation are inversely associated with insulin sensitivity (37) , and elevated biomarkers of inflammation are a risk factor for T2D (50) . Thus, we predicted that a diet that improved metabolic health would result in a reduction in circulating markers of inflammation. In support of this hypothesis, we observed that after the lowercarbohydrate arm, the change in IAAT was associated with the change in TNF-a, independent of the change in total body fat mass. This observation suggests that depletion of IAAT with carbohydrate restriction may have mediated a decrease in inflammation. In women with or without PCOS, in vitro TNF-a production was correlated with circulating concentrations of testosterone and androstenedione (51) . It is possible that the decrease in testosterone observed in this study after the lowercarbohydrate diet (29) may have been related to inflammation. Longer-term studies are needed to better gauge the effectiveness of carbohydrate restriction in reducing inflammation and associated reproductive and metabolic defects in women with PCOS.
A strength of both studies was that the protein content of the diets did not differ. Elevated dietary protein may contribute to maintenance of, or gain in, lean body mass (52) . In addition, dietary protein affects insulin secretion (53) and satiety (54) . Because we were assessing the influence of carbohydrate reduction on insulin secretion, we wanted to avoid any potential confounding influence of differences in dietary protein. We provided food throughout the study; thus, we did not anticipate that differences in satiety/hunger would affect study results, because food intake was determined by the study protocol. However, one of the goals of the studies was to evaluate the effect of the diets on hunger/satiety (28) . For this reason, the protein content of the 2 diets was carefully matched.
In summary, among 2 groups of individuals at elevated risk of T2D (overweight/obese/prediabetic adults, women with PCOS), restriction of dietary carbohydrate (relative to restriction of dietary fat) resulted in favorable changes in body composition, fat distribution, and glucose metabolism that may reduce the risk of T2D.
